myoglobin-dependent component of the oxygen uptake decreases linearly with decreasing fraction of intracellular oxymyoglobin, with a slope near unity. Studies using inhibitors of mitochondrial electron transport indicate-that myoglobindelivered oxygen uptake depends on electron flow through the mitochondrial electron transport chain. We conclude that cardiac mitochondria accept two additive simultaneous flows of oxygen: a flow of dissolved oxygen to cytochrome oxidase and a flow of myoglobin-bound oxygen to a mitochondrial terminus. Myoglobin-mediated oxygen delivery supports ATP generation by heart cells at physiological ambient oxygen pressure.
Myoglobin is an oxygen-binding monomeric hemeprotein found in the cytosol of cardiac myocytes and of those vertebrate muscle fibers that do sustained work (1) . The myoglobin content of muscles increases with exercise (1) (2) (3) and is proportional to the cytochrome oxidase content (2, 4, 5) . Myoglobin, by facilitating oxygen diffusion, maintains an ample free oxygen concentration at the muscle mitochondrion (2, 4, 6) . Blockade of myoglobin function decreases oxygen uptake (7, 8) , work output (8, 9) , and ATP generation (10) of cardiac and skeletal muscle.
Facilitation of oxygen diffusion through the sarcoplasm of the myocyte has often been taken as the sole function of myoglobin in muscles in the steady state. Here we show an additional function: myoglobin-mediated oxygen delivery to mitochondria. This is most clearly demonstrated in isolated cardiac myocytes flooded with superabundant oxygen (11, 12) . In this circumstance, the maximum diffusive flow of dissolved oxygen across the sarcoplasm exceeds the mitochondrial oxygen demand at least 100-fold (13, 14) ; sarcoplasmic myoglobin is essentially fully oxygenated, and facilitated diffusion contributes no additional oxygen flux (2, 4, 6) . Since oxygen uptake is in steady states, the storage function of myoglobin vanishes (7) . Intracellular gradients of oxygen pressure, always shallow (15) (16) (17) (18) , now are small relative to ambient oxygen pressure.
Cytochrome oxidase, half-oxidized when ambient oxygen partial pressure (Po2) is 0.07 torr (1 torr = 133 Pa) (16), in the circumstance described here experiences oxygen pressures 20-to 200-fold the pressure required to maintain the normal, largely oxidized, state seen in resting myocytes (16) . Carbon monoxide in this circumstance blocks oxygenation of sarcoplasmic myoglobin selectively without perturbing the optical spectrum of intracellular cytochrome oxidase. We conclude that cardiac mitochondria accept two additive simultaneous flows of oxygen: the well-known flow of dissolved oxygen to cytochrome oxidase and a flow of myoglobin-bound oxygen to a mitochondrial terminus. The myoglobin-mediated oxygen flow supports ATP generation in the physiological range of oxygen pressure.
MATERIALS AND METHODS
Isolated Cardiac Myocytes. These were prepared from the hearts of mature rats by enzymatic digestion, purified on Percoll (Pharmacia) density gradients, and suspended to a final density of 0.5-1.0 x 106 cells per ml (19, 20) .
Mitochondria. Mitochondria were prepared by the method of Palmer et al. (21) from adult rat hearts that had been perfused with balanced saline solution to remove erythrocytes.
Gas Partial Pressures and Oxygen Uptake. All measurements were made in steady states (7, 16) of constant oxygen pressure and oxygen uptake. The measuring chamber had both liquid and gas phases (16, 22) . The gas phase composition was set by a mass flow controller (Tylan, Torrance, CA). Since carbon monoxide is not consumed, solution Pco is known from the composition of the gas phase. Solution oxygen pressure was monitored by a sensitive polarographic oxygen electrode and is the balance of oxygen entering and oxygen consumed by the myocytes. At constant temperature and stirring rate, oxygen uptake is known from the difference between solution Po2 in the absence of myocytes (equal to gas-phase Po2) and the actual solution Po2 in the presence of myocytes, using a mass transfer coefficient that is determined daily (16, 22, 23) . The temperature was 30'C in all experiments.
Optical Spectra. The chamber was held in a thermostatted block placed in the sample light beam of a Cary model 17 recording spectrophotometer (Varian) equipped with a Cary scattered transmission accessory. Data were acquired digitally from 650 to 350 nm, and difference spectra were constructed by subtraction, using an Aviv data acquisition system (Aviv Laboratories, Lakewood, NJ). The spectral contribution of myoglobin dominates the myocyte optical spectrum (16 
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Energetics of Cardiac Myocytes. Suspensions of myocytes were incubated in the measuring chamber for 60 min. Oxygen uptake, intracellular ATP, intracellular phosphocreatine, and accumulated lactate (final minus initial) were determined as previously (16, 20) .
RESULTS
The partition of intracellular myoglobin between carbon monoxide and oxygen, M = ([MbCO] x Po2)/([MbO2] x Pco), was determined graphically as the slope of the line in Fig. 1 . 'The partition coefficient, M = 20 at 30'C, is not largely different from that of purified rat heart myoglobin, M = 29 at 30'C, which we determined by conventional procedures (24, 25) . The reasonable value of the slope, together with the linearity of the relation found, indicates near equilibrium between sarcoplasmic myoglobin, oxygen, and carbon monoxide.
The effect of carbon monoxide on steady-state respiration of cardiac myocytes is presented in Fig. 2 . Within each experiment, the fraction of oxygen in the gas phase was held constant at 10-25% and the fraction of carbon monoxide was increased stepwise. Steady-state solution oxygen pressure, steady-state oxygen uptake, and optical spectra were monitored. The oxygen uptake of cardiac myocytes held at high Po2 decreases initially as Pco is increased, stays nearly constant in a prolonged plateau in which myoglobin is fully saturated with carbon monoxide, and finally, above 95% carbon monoxide, in the gas phase, declines to zero as carbon monoxide combines with cytochrome oxidase (Fig. 2a) . The early decrease clearly follows the increasing fractional saturation of cytoplasmic myoglobin with carbon monoxide (Fig.  2b ). This part of the respiration may be called the myoglobindependent oxygen uptake. 20%o oxygen in the gas phase). The myoglobin-dependent component of the oxygen uptake is taken as the difference between the uninhibited rate and the plateau value reached as sarcoplasmic myoglobin approaches saturation with carbon monoxide.
The myoglobin-dependent component of oxygen uptake decreases linearly 'with increasing fractional saturation of sarcoplasmic myoglobin with CO, with a slope near -1.1 (Fig. 3) . This indicates that the myoglobin-dependent oxygen uptake is proportional to the fraction of sarcoplasmic oxymyoglobin.
The state of intracellular mitochondria of cardiac myocytes exposed to carbon monoxide in the presence of oxygen, the plateau region of Fig. 2 , was determined from optical spectra. Myocyte spectra (Pco = 295 torr, Po2 = 36 torr) after the spectral contribution of intracellular carbon monoxide myoglobin is subtracted scarcely differ from spectra of the same cell suspension in oxygen alone (Po2 = 35 torr) after the spectral contribution of intracellular oxymyoglobin is subtracted (Fig. 4) . The absence of spectral difference near 428, 445, 590, and 606 nm between the upper and middle traces of Fig. 4 indicates that cytochrome a3 of cytochrome oxidase has not ligated appreciably to carbon monoxide even at a Pco (295 torr) far greater than that required to inhibit myoglobindependent oxygen uptake (95% inhibition near Pco = 50 torr, Fig. 2a) .
The absence of spectral difference near 445 and 603 nm indicates that the extent of steady-state oxidation/reduction of cytochrome oxidase is unchanged. The absence of the diagnostic intense maximum of reduced cytochrome c (550 nm) in the upper trace of Fig. 4 indicates that the level of reduction of cytochrome c likewise is largely unchanged. Taken together, these spectral findings indicate that mitochondria of myocytes in the plateau region of Fig. 2 The final decrease in respiration occurs at about 95% carbon monoxide in the gas phase (Pco = 700 torr; solution Po2 = 7 torr). Concomitant with inhibition of respiration, optical spectra first indicate ligation of cytochrome a3 to carbon monoxide. The spectral change is complete at 100% carbon monoxide in the gas phase (Fig. 5) .
The spectral contribution of myoglobin cancels in the difference between spectra of cells exposed to 100% carbon monoxide and cells on the plateau region of Fig. 2 (Fig. 5 , upper trace). The spectrum is essentially similar to the difference spectrum of isolated mitochondria exposed to carbon monoxide minus those in air (Fig. 5, lower Fig. 2 , where the myoglobindependent respiration is fully inhibited, and intracellular myoglobin is fully saturated with carbon monoxide. The myocyte spectra are nearly the same in the absence and presence of carbon monoxide, differing only slightly in the Soret region.
upper and middle traces of Fig. 4, not presented) Fig. 2 ). Lower trace, spectrum of a suspension of isolated rat heart mitochondria in the presence of succinate and carbon monoxide minus the spectrum of the same suspension taken earlier in the presence of oxygen. The traces are largely the same except for a greater prominence of a feature near 563 nm in the mitochondrial trace. Cytochrome b, to which this feature is ascribed, is always detectably reduced in myocytes (Fig. 4) and is fully reduced in anaerobic mitochondria. myoglobin) consistently accompanying binding of intracellular myoglobin to carbon monoxide and is observed even when myoglobin-dependent oxygen uptake is decreased in the presence of antimycin, myxothiazol, or cyanide. This feature is not observed in spectra of isolated mitochondria exposed to 50% carbon monoxide in oxygen. Candidates for the origin of this difference are many. It may reflect increased reduction ofcytochrome c or ofcytochrome c1 ofubiquinonecytochrome c oxidoreductase [reduced minus oxidized difference spectrum, 418, 523, and 553 nm (refs. 34 and 35) ]. Or it may reflect a ferryl or a low-spin ferric form of myoglobin or possibly a minor perturbation in the steady state of cytochrome oxidase.
Inhibitors of the mitochondrial respiratory chain (36) were used to elucidate the relation of myoglobin-mediated oxygen uptake to mitochondrial function. Cyanide (1 mM) or myxothiazole (2 ,uM) inhibit 80-85% of the respiratory oxygen uptake ofcardiac myocytes. In the presence ofeither, myoglobin-mediated oxygen flux is abolished. Oxygen uptake can be inhibited partially (50-60% of control) at lower concentrations of cyanide (10-50 ,uM) or of antimycin (0.6 pM). At this level of inhibition, difference spectra (50 uM cyanide minus control) exhibit features near 550 and 600 nm, attributed to increased reduction of cytochrome c and to perturbation of cytochrome oxidase. Difference spectra (antimycin minus control) exhibit well-resolved maxima near 430 and 563 nm, attributed to additional reduction of cytochrome b of ubiquinone-cytochrome c oxidoreductase (36, 37) . In these partially inhibited states of cellular respiration, carbon monoxide (10-40% in the gas phase) brings about only a small inhibition (11 + 5%; n = 7) of oxygen uptake in each experiment. Optical spectra indicate no further reduction of cytochrome c or perturbation of cytochrome oxidase. An increased absorbance is noted near 419 nm.
To demonstrate the effect of myoglobin blockade on cell energetics, intracellular mitochondria of cardiac myocytes were partially uncoupled by the proton ionophore carbonyl cyanide m-chlorophenylhydrazone (CCCP), approximately doubling oxygen uptake at lower cellular ATP and phosphocreatine levels (Fig. 6 ). In the presence of CCCP, at both physiological and higher oxygen pressures, carbon monoxide blockade of myoglobin function does not change ATP concentration significantly, but it markedly decreases phosphocreatine concentrations (P c 0.01) and markedly increases the rate oflactate accumulation (P -0.03). This indicates that blockade of myoglobin function results in a decreased rate of ATP generation by mitochondrial oxidative phosphorylation.
Increased oxygen uptake with CCCP indicates that oxygen diffusion to mitochondria is not rate limiting at the oxygen pressure used in these experiments.
DISCUSSION
We use carbon monoxide to block the oxygen-binding function of myoglobin in situ in the cardiac myocyte. The equilibrium binding of cytoplasmic myoglobin to oxygen (16) and the equilibrium partition of cytoplasmic myoglobin between oxygen and carbon monoxide (Fig. 1) are similar to those of purified myoglobin, indicating that ligand binding is not strongly modified in the intracellular environment. This justifies the use of carbon monoxide here. We note that attempts to use agents such as hydroperoxides to block intracellular myoglobin function in cardiac myocytes are thwarted by rapid reduction of intracellular ferric or ferryl myoglobin (7, 16, 38) .
In many of the experiments presented here (Figs. 2 and 3 ) very high oxygen pressures (40- myoglobin was essentially fully oxygenated. Since the oxygen pressure difference between the extracellular medium and the intracellular mitochondria of isolated cells does not exceed 2-3 torr (15, 16) , the mitochondria experienced large oxygen pressures. Optical spectra (Figs. 4 and 5 ) establish that cytochromes of intracellular mitochondria of myocytes exposed to carbon monoxide (50%) in the presence of much oxygen, conditions of the respiratory plateau of Fig. 2 (Figs. 2 and 6 ). The myoglobin-dependent component of the cellular oxygen uptake decreases linearly with increasing fractional saturation of sarcoplasmic myoglobin with carbon monoxide (that is, decreasing fraction of oxymyoglobin), with a slope near unity (Fig. 3) . Half inhibition was achieved at different Pco (3-15 torr) in experiments at different oxygen pressures, but always when myoglobin was half saturated with carbon monoxide. Therefore, the effect of carbon monoxide is exerted on myoglobin alone and cannot be ascribed to inhibition of other cellular functions. We conclude that the myoglobin-dependent component of the oxygen uptake is proportional to the fraction of sarcoplasmic myoglobin combined with oxygen.
Myoglobin-dependent oxygen uptake disappears when oxidative phosphorylation is blocked by myxothiazol (2 AM) or cyanide (1 mM). It becomes small when the rate ofelectron throughput in the mitochondrial respiratory chain is diminished by antimycin (0.6 pM) or cyanide pM). This suggests that myoglobin-mediated oxygen delivery requires electron flow through the cytochrome bc, complex (complex III) and/or cytochrome oxidase (complex IV) of the respiratory chain.
Resting myocytes at physiological ambient Po2 (1-5 torr) maintain their energy reserves in the face of blockade of myoglobin function. Partial uncoupling of mitochondrial oxidative phosphorylation roughly doubles respiratory oxygen uptake and establishes a new steady state, simulating that in the working heart. The phosphocreatine reserve is less and ATP concentration is near a minimum working level. Carbon monoxide blockade of myoglobin oxygenation impairs the ability of these myocytes to meet the demand for ATP (Fig.  6) . The steady-state concentration of intracellular ATP is itself conserved, but a sharp fall in the standing concentration of phosphocreatine and a dramatic increase in the rate of lactate accumulation indicate that the rate of oxidative phosphorylation has decreased, and the short fall in ATP generation has been compensated by a shift in the balance between phosphocreatine and creatine and by increased aerobic glycolysis to meet the fixed demand for ATP. Intracellular myoglobin function, therefore, supports ATP generation at extracellular oxygen pressures close to the pressure expected for intact cardiac muscle.
Oxymyoglobin supporting mitochondrial ATP generation may deliver its oxygen to mitochondria. Alternatively, sarcoplasmic oxymyoglobin might accept electrons from mitochondria, with concomitant reduction of heme ironligated oxygen to water. Our evidence cannot distinguish between these two formal possibilities. Either mechanism requires interaction between oxymyoglobin and mitochondria.
Myoglobin-dependent oxygen delivery to mitochondria, demonstrated here in myocytes, finds a strong parallel in leghemoglobin-mediated oxygen delivery to nitrogen-fixing symbiotic bacteria of the soybean root nodule. Oxygen delivered by leghemoglobin supports ATP generation in the intact nodule (39) and in a broken cell system (40) (41) (42) (43) . Dissolved oxygen, in contrast, although consumed rapidly, supports only limited ATP generation. The bacterial oxidase(s), presumably located in the cell membrane, is separated from leghemoglobin by the bacterial cell wall. We do not yet know how leghemoglobin-delivered oxygen is transferred across the bacterial wall, just as we do not understand how myoglobin-bound oxygen is delivered across the outer mitochondrial membrane to the inner membrane.
We conclude that a dominant function of myoglobin in the cardiac myocyte is myoglobin-mediated oxygen delivery to mitochondria. The myoglobin-mediated oxygen flow supports ATP generation at physiological oxygen pressures. We suggest that myoglobin-mediated oxygen delivery may contribute importantly to the ability of the heart to sustain maximum work output. Loss of this function may explain the cardiac toxicity of subacute carbon monoxide poisoning.
